Tristetraprolin (TTP) is an AU-rich elementbinding protein that regulates mRNA stability. We previously showed that TTP acts as a negative regulator of VEGF gene expression in colon cancer cells. The p38 MAPK pathway is known to suppress the TTP activity. However, until now the signaling pathway to enhance TTP function is not well known. Here we show that casein kinase 2 (CK2) enhances the TTP function in the regulation of the VEGF expression in colon cancer cells. CK2 increased TTP protein levels and enhanced VEGF mRNA decaying activity of TTP. TTP was not a direct target of CK2.
Tristetraprolin (TTP) is an AU-rich elementbinding protein that regulates mRNA stability. We previously showed that TTP acts as a negative regulator of VEGF gene expression in colon cancer cells. The p38 MAPK pathway is known to suppress the TTP activity. However, until now the signaling pathway to enhance TTP function is not well known. Here we show that casein kinase 2 (CK2) enhances the TTP function in the regulation of the VEGF expression in colon cancer cells. CK2 increased TTP protein levels and enhanced VEGF mRNA decaying activity of TTP. TTP was not a direct target of CK2.
Instead, CK2 increased the phosphorylation of MKP-1, which led to decrease the phosphorylation of p38 MAPK. Inhibition of MKP-1 by siRNA attenuated the increase in TTP function and the decrease of p38 phosphorylation induced by CK2α overexpression. TGF-β1 increased the expressions of CK2 and TTP and the TTP function. The siRNA against CK2α or TTP reversed TGF-β1-induced increases in the expression of CK2 and TTP, and the TTP function. Our data suggest that CK2 enhances the protein level and activity of TTP via the modulation of the MKP-1-p38 MAPK signaling pathway, and that TGF-β1 enhances the activity of CK2.
Tristetraprolin (TTP) is an AU-rich element (ARE) binding protein that mediates the decay of ARE-containing mRNAs such as those encoding cytokines and proto-oncogenes (1) . TTP also regulates the stability of VEGF transcripts (2), indicating a possible role for TTP in angiogenesis and tumor growth (3, 4) . Upregulation of TTP mRNA can be induced by TPA (5), insulin (6) , lipopolysaccharide (LPS) (7, 8) , GM-CSF (9), TGF-β (10), IL-10 (11), and glucocorticoid (12) . TTP mRNA contains AREs and its stability is regulated by TTP itself (8) .
TTP is highly phosphorylated both in vitro and in vivo, and its phosphorylation is regulated by p42 mitogen-activated protein kinase (13) , p38 MAPK (13, 14) , c-Jun N-terminal kinase (JNK) (13) , and MAPK-activated protein kinase 2 (MAPKAP kinase 2 or MK2) (7, 15, 16) . Among these protein kinases, the p38 MAPK/MK-2 pathway has been reported to be a crucial regulator of the expression, stability, and function of TTP (7, 17, 18) . Phosphorylation of TTP by MK2 increases the binding of 14-3-3 proteins, thereby excluding TTP from stress granules, inactivating TTP and increasing the stabilities of target mRNAs (15, 16, 19) . The TTP protein is unstable and is rapidly degraded by proteasomes (17, 20) ; however, phosphorylation of TTP by p38 MAPK protects TTP from proteasomal degradation (17) . Recent evidence suggests that phosphorylation-induced inhibition of TTP can be reversed by protein phosphatase 2A (PP2A) through the inactivation of p38 MAPK and MK2 (21) . Dispite these studies on TTP phosphorylation, the signaling pathways responsible for the induction of TTP activity are not well known.
Casein kinase 2 (CK2), a highly conserved and ubiquitously expressed serine/threonine kinase, is a tetramer composed of two catalytic subunits (α and α') and two regulatory subunits (β) in an α 2 β 2 , αα'β 2 , or α' 2 β 2 configuration (22) . CK2 phosphorylates a large number of substrates, many of which are involved in gene expression and cell growth (23) (24) (25) (26) (27) (28) . CK2 is upregulated in a variety of human cancers (29) and creates a cellular environment favorable to neoplasia by regulating a variety of biological processes (26, (30) (31) (32) . In contrast to the functions of CK2 that favor the neoplastic growth of cells, several investigations have demonstrated an opposing function of this enzyme. Exogenous expression of CK2α deactivates mitogenactivated protein kinase kinase (MEK), and suppresses cell growth and inhibits the foci formation induced by activated ras (33) . In addition, CK2 phosphorylates p53 (34) , which enhances the sequence-specific DNA binding function of p53 in vitro (35) and ensures the maintenance of G2 arrest and apoptosis following spindle damage (36) .
We previously reported that TTP downregulates the expression of VEGF and inhibits the growth of human colon cancer cells in vitro and in vivo (37) . In the present study, we demonstrate that CK2 increases the VEGF mRNA decaying activity of TTP in human colon cancer cells by protecting the TTP protein from phosphorylation and proteasomal degradation. CK2 decreased phosphorylation of p38 MAPK, and the effects of CK2 were attenuated either by treatment with an inhibitor of MAPK phosphatase 1 (MKP-1) or a siRNA against MKP-1, suggesting that CK2 function is mediated by MKP-1, which is known to dephosphorylate p38 MAPK (38) . Moreover, we show that transforming growth factor β (TGF-β) increases CK2 activity, resulting in an increase in the VEGF mRNA decaying activity of TTP. Finally, TGF-β suppressed the growth of colon cancer cells, and this event was mediated by CK2 and TTP, indicating that TGF-β acts as a tumor suppressor via the activation of CK2 and TTP in Colo320 cells. Collectively, our results show that CK2 increases the VEGF mRNA decaying activity of TTP through activation of MKP-1, and that TGF-β plays a role in the activation of the CK2-MKP-1-TTP signaling pathway.
Experimental Procedures
Cells-Human colon cancer cells (Colo320) were purchased from Korean Cell Line Bank (KCLB, Seoul, Korea). Colo320 cells were cultured in RPMI 1640 media and supplemented with 10% FBS (heat-inactivated fetal bovine serum) (Invitrogen, Carsbad, USA) and were maintained at 37°C in a humidified atmosphere of 5% CO 2 
Quantitative real-time PCR-For RNA kinetic analysis, we used actinomycin D and assessed VEGF mRNA expression using quantitative real-time PCR, performed using the ABI Prism 7900 HT to monitor real-time increases in the fluorescence of SYBR Green dye (QIAGEN, Hilden, Germany). Specificities of each primer pair were confirmed via melting curve analysis and agarose-gel electrophoresis . The PCR  primer  pairs  were  qVEGF:  5'-ATCTTCAAGCCATCCTGTGTGC -3', 5'-TGCGCTTGTCACATTTTTTCTTG -3'; qTTP:  5'-CCCCAAATACAAGACGGAACTC-3', 5'-GGGCCGCCAGGTCTTC-3'; and qGAPDH:  5'-ACATCAAGAAGGTGGTGAAG-3', 5'-CTGTTGCTGTAGCCAAATTC-3'. Plasmid, siRNAs, transfection, and dualluciferase assay-The pcDNA6/V5-TTP plasmid construct has been described previously (37) . Plasmid constructs containing full-length cDNA of human CK2α or human ubiquitin were purchased from Addgene (Cambrige, USA). Full-length cDNA of human CK2α and human ubiquitin were amplified from these plasmids and full-length cDNA of human MKP-1, from the cDNA of Colo320 cells using PCR. PCR products were ligated into BamHI/XhoI sites of pcDNA3-HA or pcDNA3.1-Flag vectors (Invitrogen, Carlsbad, USA) to generate pcDNA3/HA-CK2α, pcDNA3/Flag-Ub, and pcDNA3/Flag-MKP-1. Site-directed mutants of TTP with single (S21A, S169A, S279A, or S325A), double (S60A and S186A), or quadruple amino acid substitutions (S21A, S169A, S279A, and S325A) and MKP-1 with double amino acid substitutions (S131A and S235A) were generated using pcDNA6/V5-TTP and pcDNA3/Flag-MKP-1 as a template, respectively, and using a QuikChange sitedirected mutagenesis kit (Stratagene, San Diego, USA) according to the manufacturer's instructions. Mutagenic primers used for generation of site-directed mutants of TTP or MKP-1 were as follows: TTP-S21A:  5`-AGTGCCCGTGCCAGCCGACCATGGAGGG  -3`,  5`-CCTCCATGGTCGGCTGGCACGGGCACTG-3`;  TTP-S60A:  5'-CTGGCCGCTCCACCGCCCTAGTGGAGGG  C-3',  5'-GCCCTCCACTAGGGCGGTGGAGCGGCCA  G-3';  TTP-S169A:  5`-CATCCACAACCCTGCCGAAGACCTGGCG  G-3`,  5`-CCGCCAGGTCTTCGGCAGGGTTGTGGAT  G-3`;  TTP-S186A:  5'-CTTCGCCAGAGCATCGCCTTCTCCGGCCT  GC-3',  5'-GCAGGCCGGAGAAGGCGATGCTCTGGCG  AAG-3';  TTP-S279A:  5`-GTACAGTCCCTGGGAGCCGACCCTGATG  AATAT  G-3`,  5`-CATATTCATCAGGGTCGGCTCCCAGGGAC  TGTAC-3`; TTP-S325A:
MKP-1-S131A: Cells were harvested at 0, 1, 3, 5 and 10 h after addition of CHX, and total cell lysates were analyzed using immunoblotting with anti-V5 antibody.
Exposure to TGF-β-Colo320 cells were cotransfected with psiCHECK2-VEGF 3`UTR and pcDNA6/V5-TTP, TTP siRNA, or CK2 siRNA using the TurboFect TM in vitro transfection reagent. After 24 h incubation, cells were incubated with 2 ng/ml of human TGF-β in the presence of or absence of 30 μM DRB for 12 h, and chemiluminescent signals in the cell lysate were measured in a Wallac Victor 1420 Multilabel Counter. The acitivity of Renilla luciferase was normalized to that of firefly luciferase in each sample. All luciferase assays reported here represent at least three independent experiments, each consisting of three wells per transfection.
In vitro CK2 Kinase Assay-CK2 activity was assayed using a CK2-sensitive synthetic p53 peptide (RRRDDDSDDD) (Cyclex Co.Ltd., Nagano, Japan), which is phosphorylated at serine46 by CK2. Briefly, Colo320 cells were incubated with 2 ng/ml of human TGF-β in the presence or absence of 30 μM DRB for 12 h. Cell lysates were incubated with the synthetic p53 peptide coated on a 96-well plate with the kinase reaction buffer. The amount of phosphorylated substrate was measureaed by using a horseradish peroxidase conjugated antiphospho-p53 serine46 specific antibody. Kinase activity was calculated by subtracting the mean of the background control samples without enzyme from the mean of samples with enzyme.
Statistical analysis-For statistical comparisons, p values were determined using Student's t-test or one-way ANOVA.
RESULTS
CK2 inhibition via CK2 inhibitors or siRNA decreases the VEGF mRNA decaying activity of TTP. TTP has been reported to be phosphorylated by various kinds of protein kinases (39) . Phosphorylation of TTP by p38 MAPK/MK2 signals inhibits TTP activity (40) , but specific protein kinases that can increase TTP activity are not known. We previously reported that TTP reduced VEGF expression and inhibited the growth of colon cancer cells (37) . Here, we aimed to identify protein kinases that can increase the VEGF mRNA decaying activity of TTP. To screen protein kinases that increase the VEGF mRNA decaying activity of TTP, we studied the effects of several protein kinase inhibitors on the VEGF mRNA decaying activity of TTP. We have successfully used the VEGF ARE-containing reporter mRNA to study VEGF mRNA turnover by TTP in human colon cancer cells (37); we used a transient-transfection system in which the ARE-dependent turnover of the reporter transcripts and its sensitivity to protein kinase inhibitors could be evaluated. To characterize the effects of protein kinase inhibitors on the VEGF decaying activity of TTP, Colo320 cells were cotransfected with a TTP expression construct (pcDNA/V5-TTP) and a luciferase reporter construct that incorporated the 3'UTR of VEGF mRNA (psiCHECK2-VEGF 3`UTR). Transfected cells were treated with various kinds of protein kinase inhibitors, and luciferase activity was measured at 12 h post-treatment. Consistent with the previous report (41) , overexpression of TTP reduced luciferase activity (Fig. 1A) . Treatment with SP600125 (Jun N-terminal protein kinase inhibitor), Ro-32-0432 (protein kinase C inhibitor), LY294002 (phosphatidylinositol 3-kinase inhibitor), PD98059 (MEK1 inhibitor), or rapamycin (mTOR inhibitor) did not affect the TTP-mediated reduction of luciferase activity ( Supplementary Fig 1) . However, SB203580 (p38 MAPK inhibitor) enhanced the TTP inhibitory activity in a dose-dependent manner (Fig. 1A) . Conversely, treatment with the CK2 inhibitor DRB attenuates the TTP-mediated reduction of luciferase activity in a dosedependent manner (Fig. 1A) . The effect of SB203580 on TTP activity is consistent with those of previous reports which have suggested that the p38 MAPK/MK-2 pathway inhibits the mRNA decaying activity of TTP (7, 17, 18) . It is also possible that SB 203580 enhanced TTP activity by inhibiting other kinases than p38 MAPK as SB 203580 is not selective and known to inhibit a number of other kinases, including CK1 (42) . However, our results showing that the CK2 inhibitor DRB increases luciferase activity suggests that the CK2 signal activates the mRNA decaying activity of TTP. Similar results were obtained by another CK2 inhibitor, TBB ( Supplementary Fig. 2 ).
To confirm whether inhibition of CK2 increases luciferase activity, we analyzed the effect of siRNA against CK2α (siCK2α) on the reporter mRNA decaying activity of TTP. Cells were cotransfected with pcDNA6/V5-TTP, psiCHECK2-VEGF 3'UTR and siCK2, and luciferase activity was measured 24 h after transfection. Knock-down of endogenous CK2α by siRNA (Fig. 1B) significantly decreased the TTP inhibitory effect (Fig. 1C) . Taken together, these results indicate that inhibition of CK2 decreases the mRNA decaying activity of TTP. All of these data were obtained by analyzing the expression levels of reporter transcripts containing VEGF 3'UTR.
Next, we wished to determine whether CK2 inhibition also affects the TTP inhibitory effects on endogenous VEGF mRNA. Colo320 cells were cotransfected with pcDNA6/V5-TTP and siCK2α or control siRNA (scRNA), and the expression level of VEGF mRNA was analyzed using real-time PCR. Overexpression of TTP decreased the expression level of VEGF mRNA (Fig. 1D) . While control siRNA treatment did not affect the TTP inhibitory effect, downregulation of CK2α by siRNA attenuated it. The expression level of endogenous TTP in Colo320 cells was extremely low (37) and, in the absence of transfected TTP, both SB 203580 and DRB did not affect the reporter mRNA decaying activity of TTP and the expression level of endogenous VEGF mRNA level ( Supplementary  Fig. 3 ). Collectively, our results suggest that inhibition of CK2 decreases the VEGF mRNA decaying activity of TTP.
CK2 overexpression increases the mRNA decaying activity of TTP. Overexpression studies
were performed to further analyze the role of CK2 in the regulation of the TTP inhibitory effect. Cells were transiently cotransfected with pcDNA/V5-TTP, psiCHECK2-VEGF 3'UTR and a CK2α expression construct (pcDNA3/HA-CK2α). Overexpressions of TTP and CK2α were confirmed using an immunoblotting assay ( Fig.  2A) . At 24 h post-transfection, luciferase activity was measured. Transfection of the control vector pcDNA3/HA did not affect the TTP inhibitory effect. However, overexpression of CK2α enhanced the TTP inhibitory effect in a dose-dependent manner (Fig. 2B) . The results suggest that CK2α is involved in the enhancement of the TTP inhibitory effect.
CK2 inhibition by CK2 inhibitors or siRNA decreases TTP protein stability. To determine whether CK2 inhibition affects the stability of TTP protein, Colo320 cells were treated with DRB, TBB or siCK2, and the expression level of TTP protein was analyzed using an immunoblotting assy. CK2 inhibition by DRB, TBB (Fig. 3A) or siCK2α (Fig. 3B) (30, 43) ; thus, it is possible that CK2 controls TTP expression through the regulation of TTP transcription. To determine whether CK2 inhibition affects the expression level of TTP transcripts, Colo320 cells were treated with DRB or TBB, and the expression levels of TTP transcript were analyzed using RT-PCR and real-time PCR. Neither treatment with DRB nor TBB affected the expression level of TTP transcript in Colo320 cells (Fig. 3A and 3C ). We next determined whether CK2 inhibition affects the stability of TTP protein. Colo320 cells transfected with pcDNA6/V5-TTP were treated with 100 μg/ml CHX to block protein synthesis in the presence or absence of DRB. At the indicated time points after CHX treatment, cells were collected, and the expression level of TTP protein was analyzed using immunobloting with anti-V5 antibody. In the absence of DRB, the half-life of the TTP protein was longer than 10 h. On the other hand, in the presence of DRB, its half-life was reduced and at 5 h after CHX treatment, about 80% of TTP protein was degraded ( Fig. 3D and 3E ). These data demonstrate that CK2 functions to enhance the stabilization of TTP protein.
The CK2 decreases the proteasomal degradation and phosphorylation of TTP. To determine whether the proteasome pathway is involved in the degradation of the TTP protein, Colo320 cells transfected with pcDNA6/V5-TTP were treated with DRB in the presence or absence of the specific proteasome inhibitor MG132. At 24 h post treatment, the expression level of TTP protein was examined using an immunoblotting assay. MG132 blocked the DRB-induced degradation of TTP protein in a dose-dependent manner (Fig. 4A) . These findings suggest that DRB-induced degradation of TTP protein is dependent on proteasomal activity. Interestingly, along with blocking the degradation of TTP, MG132 treatment led to the appearance of higher molecular weight TTP proteins (Fig. 4A) . The higher molecular weight TTP proteins appear to be the result of phosphorylation, since this form could be completely converted to the lower molecular weight TTP protein by in vitro incubation with calf intestinal alkaline phosphatase (CIP, Fig.  4B ). Treatment with DRB decreased the level of lower molecular weight TTP but increased the level of higher molecular weight TTP, indicating that DRB treatment induced the phosphorylation of TTP (Supplementary Fig. 4) .
To assess whether TTP protein is ubiquitinated prior to its degradation by DRB, in vivo ubiquitination assays were performed. Colo320 cells were cotransfected with pcDNA6/V5-TTP and pcDNA3/Flag-Ub. At 24 h post-transfection, cells were treated with MG132 in the presence or absence of DRB and incubated for additional 2 h. TTP proteins were then immunoprecipitated with anti-V5 antibody. When the proteins were probed with anti-Flag antibody, a high molecular mass protein ladder was observed in the presence of MG132, but not in the absence of MG132, suggesting that TTP protein was ubiquitinated (Fig.  4C ). Ubiquitinated TTP was increased by DRB treatment (Fig. 4C) , suggesting that CK2 inhibition increased TTP ubiquitinylation. Together, our data indicate that the CK2 can decrease the phosphorylation and ubiquitinylation of TTP, resulting in protection of TTP from proteasomal degradation.
TTP is not a direct target of CK2. Since CK2 functions to decrease the phosphorylation of TTP (Fig. 4) , it is possible to speculate that TTP is not a direct target of CK2. To confirm this hypothesis, we tested whether DRB affects the phosphorylation, degradation and mRNA decaying activity of TTP with mutation at CK2-specific phosphorylation sites. Scanning the amino-acid sequence of TTP for potential CK2 phosphorylation sites revealed four different sites: Ser 21, Ser 169, Ser 279, and Ser 325. We generated four point mutants by replacing the coding sequence for Ser at amino acid residues 21, 169, 279, or 325 with that for Ala (pcDNA6/V5-TTP(S21A); pcDNA6/V5-TTP(S169A); pcDNA6/V5-TTP(S279A); pcDNA6/V5-TTP(S325A)). In addition, we generated one point mutant by replacing the coding sequences for all four Ser sites with Ala (pcDNA6/V5-TTP(mut all)). To determine the effects of these point mutations on the degradation and phosphorylation of TTP protein induced by DRB, cells were transfected with wild-type TTP or TTP point mutation constructs. At 24 h post-transfection, cells were treated with DRB in the presence or absence of MG132, and the expression levels of TTP proteins were analyzed using immunoblotting. Site-directed mutant of TTP with quadruple amino acid substitutions (S21A, S169A, S279A, and S325A) (Figs. 5A and 5B) did not change the degradation and phosphorylation of TTP proteins induced by DRB treatment. Next, cells were cotransfected with psiCHECK2-VEGF 3`UTR and with wild-type TTP or TTP point mutation constructs, and we tested the effects of these mutations on the decrease in the mRNA decaying activity of TTP induced by DRB. Consistent with the effects of these mutations on the degradation and phosphorylation of TTP, any mutations of TTP did not affect the decrease in the DRB-induced mRNA decaying activity of TTP (Fig. 5C ). These data suggest that the predicted CK2-specific phosphorylation sites in the TTP protein are not responsible for the effects of CK2 on the degradation, phosphorylation and mRNA decaying activity of TTP protein. Thus, TTP may not be the direct target of CK2 in Colo320 cells.
CK2 decreases the phosphorylations of p38
MAPK and MK2. The TTP protein is phosphorylated by MK2 (7, 15) and its stability has been reported to be regulated by the p38 MAPK/MK2 pathway (7, 17, 18) . To determine whether CK2 affects the p38 MAPK/MK2 pathway, cells were transfected with pcDNA6/V5-TTP. At 24 h post-transfection, cells were treated with DRB, and cell lysates were analyzed for phospho-p38 MAPK and phospho-MK2 using an immunoblotting assay. DRB treatment resulted in a slight decrease in the expression levels of total p38 MAPK and MK2.
However, it increased the phosphorylations of both p38 MAPK and MK2 (Fig. 6A) . Human TTP is phosphorylated by MK2 at serine residues S60 and S186 (44) . We generated a double mutant of TTP (S60A and S186A) and tested whether these sites function in DRB-induced degradation of TTP. While DRB treatment decreased the protein level of wild-type TTP, it did not affect that of the double mutant TTP (Fig. 6B) , suggesting that the effect of CK2 on the TTP protein degradation was mediated by MK2. To determine whether the effect of CK2 inhibition on the mRNA decaying activity of TTP was mediated via the p38 MAPK pathway, cells were cotransfected with pcDNA6/V5-TTP, psiCHECK2-VEGF 3`UTR and siRNA against CK2α (siCK2α) or control siRNA (scRNA). At 24 h post-transfection, cells were treated with the p38 MAPK inhibitor SB203580. Results showed that the increase in luciferase activity induced by siCK2α was significantly attenuated by SB203580 (Fig. 6C) . These data suggest that the CK2 enhances the TTP protein stability by suppression of p38 MAPK pathway.
MKP-1 mediates the effects of CK2 on the phosphorylations of p38 MAPK and TTP activity.
Inhibition of CK2 by DRB increased the phosphorylation of p38 MAPK (Fig. 6A) , indicating that CK2 affects the phosphorylation of p38 MAPK via activation of protein phosphatase. MAPK phosphatases (MKPs) are a subclass of protein tyrosine phosphatases that can dephosphorylate both phosphotyrosine and phosphothreonine residues on MAPKs (45) . Of the known MKPs, MKP-1 was shown to be responsible for the dephosphorylation of p38 MAPK (38) . We therefore determined a potential effect of CK2 on MKP-1 expression. Inhibition of CK2 by DRB (Fig. 6D) or TBB (Supplement Fig. 5 ) significantly decreased MKP-1 protein, while overexpression of CK2α increased the MKP-1 protein (Fig. 6E) . Our data clearly show that CK2 acts as a positive regulator of MKP-1 expression. CK2 seems to control proteasomal degradation of MKP-1 since MG132 treatment significantly attenuated the decrease in MKP-1 induced by the CK2 inhibitor DRB (Supplementary Fig. 6 ). Our next goal was to determine whether CK2-specific phosphorylation sites in MKP-1 protein are responsible for the effects of CK2 on the MKP-1 protein. MKP-1 protein contains two potential CK2 phosphorylation sites at serine residues S131 and S235. We generated a double mutant (S131A and S235A) and tested whether these mutations affect the phosphorylation of MKP-1 protein induced by CK2α overexpression. While overexpression of CK2α increased the phosphorylation of wild-type MKP-1 protein, it did not induce that of mutant MKP-1 (Fig. 6F) , indicating that CK2α directly phosphorylate MKP-1.
We tested whether MKP-1 is necessary for the effects of CK2 on the phosphorylation of p38 MAPK, degradation and mRNA decaying activity of the TTP protein. Cells were cotransfected with pcDNA6/V5-TTP, pcDNA3/HA-CK2α and siRNA against MKP-1 (siMKP-1) or control siRNA (scRNA). At 24 h post-transfection, cells were analyzed for the expressions of CK2α, TTP, MKP-1, p38 MAPK, and phospho-p38 MAPK. Inhibition of MKP-1 by siRNA increased the phosphorylation of p38 MAPK and attenuated the increase of TTP protein induced by CK2α (Fig. 6G) . These data confirmed the involvement of MKP-1 in the CK2-mediated regulation of p38 MAPK phosphorylation and TTP protein degradation. To determine whether MKP-1 is involved in the CK2-mediated regulation of mRNA decaying activity of TTP, cells were cotransfected with pcDNA6/V5-TTP, pcDNA3/HA-CK2α and psiCHECK2-VEGF 3`UTR. Transfected cells were treated with siRNA against MKP-1 (siMKP-1) or triptolide, a MKP-1 inhibitor, and luciferase activity was measured. Inhibition of MKP-1 by siMKP-1 or triptolide significantly attenuated the decrease in luciferase activity induced by CK2α overexpression (Fig. 6H) . These data suggest that CK2 regulates TTP activity via the MKP-1 pathway.
TGF-β increases the CK2 activity and mRNA decaying activity of TTP. CK2 has been reported to be activated by TGF-β stimulation (46) (47) (48) . To determine whether TGF-β stimulation increases CK2 activity in Colo320 cells, cells were stimulated with TGF-β for 4 h, and CK2 activity in the cell lysates was analyzed. TGF-β1 markedly enhanced CK2 activity in a dosedependent manner in cells (Fig. 7A) .
We next determined whether TGF-β1 enhances the mRNA decaying activity of TTP. TGF-β significantly enhanced the TTP-mediated decay of endogenous VEGF transcripts, and the CK2 inhibitor DRB reversed the effects of TGF-β on TTP activity (Fig. 7B) . In addition, TGF-β decreased the half-life of VEGF mRNA, and this effect was blocked by DRB (Fig. 7C) . TGF-β1 was reported to activate TTP promoter activity, thereby increasing the TTP transcription levels in the human T cell line HuT78 (10) . However, in Colo320 cells, TGF-β1 did not activate TTP promoter activity ( Supplementary Fig. 7) , indicating that the TGF-β stimulation did not increase transcription of TTP. Our results suggest that TGF-β-stimulated TTP activity is mediated by CK2.
Previously we reported that overexpression of TTP promotes VEGF mRNA degradation and inhibits the growth of Colo320 cells (37) . Thus, it is possible that TGF-β treatment inhibits the growth of Colo320 cells via the CK2-TTP pathway. To test this possibility, cells were transfected with pcDNA6/V5-TTP, and their growth was analyzed after TGF-β treatment in the presence or absence of DRB. Consistent with our previous report (37) , TTP overexpression inhibited the growth of Colo320 cells (Fig. 7D) . The treatment of TGF-β significantly enhanced the inhibitory effect of TTP and DRB attenuated the TGF-β effect (Fig. 7F) , indicating that TGF-β can suppress the growth of Colo320 cells through activation of the CK2-TTP pathway.
DISCUSSION
In our previous work, we showed that TTP enhances the decay of VEGF and suppresses the growth of Colo320 human colon cancer cells (37) . Here, we provide evidence that CK2 increases the VEGF mRNA decaying activity of TTP through regulation of proteasomal degradation of TTP protein in Colo320 cells: (i) Inhibition of CK2 by CK2 inhibitors or siRNA treatment suppressed the TTP-inhibitory effects on the expression of a luciferase reporter gene containing VEGF mRNA 3'UTR and endogenous VEGF mRNA; (ii) Overexpression of CK2α enhanced the TTP-inhibitory effects on the expression of a luciferase reporter gene containing VEGF mRNA 3'UTR; (iii) Inhibition of CK2 by CK2 inhibitors or siRNA treatment decreased the expression level of TTP protein, and overexpression of CK2α increased it; (iv) In the cycloheximide chase experiments, a CK2 inhibitor destabilized the TTP protein, reducing its half-life from more than 5 h to less than 3h; (v) Treatment with the proteasome inhibitor MG132 prevented the TTP protein from degradation induced by CK2 inhibitor and led to the appearance of phosphorylated TTP protein; and (vi) Treatment with a CK2 inhibitor enhanced the phosphorylation and ubiquitination of the TTP protein.
In this study, we found that phosphorylation of TTP induced by a CK2 inhibitor led to degradation of TTP through the ubiquitin/proteasome pathway. This is in contrast to previous reports demonstrating that phosphorylation of TTP by p38 MAPK/MK2 pathways prevents TTP protein from decay by proteasome (17, 20) . One possible explanation of this discrepancy is that the enhanced stability of phosphorylated TTP protein could be based on the increased binding to 14-3-3 protein (15,16). 14-3-3 proteins influence the subcellular localization of target proteins (49, 50) and protect target proteins from proteolysis by acting as chaperones (51, 52) . Consistent with these functions, binding of 14-3-3 protein alters subcellular localization of TTP (16, 17) ; this may affect the ubiquitination and proteasomal degradation of TTP. However, in Colo320 cells, CK2 inhibitor decreased the expression level of 14-3-3 protein (Supplementary Fig. 8 ). Thus, it is possible to speculate that the expression level of 14-3-3 would not be enough to protect the phosphorylated TTP from degradation by ubiquitin/proteasome pathway. A more detailed analysis of the role of 14-3-3 binding in TTP protein stability may provide insights into the relationship between phosphorylation and degradation of TTP protein.
CK2 has been thought to function as a survival factor by increasing cell proliferation (53), malignant transformation (54), and decreasing apoptosis (26) . On the other hand, there are several reports that support an antiproliferative role for CK2 (33, 35, 36) . Regarding the role of CK2 in the control of VEGF expression, CK2 has been reported to be involved in the expression of VEGF (55) and the angiogenesis (56) . However, even though the molecular mechanism is presently unknown, in Colo320 cells, CK2 increased the VEGF mRNA decaying activity of TTP, and acted as a negative regulator of cell growth.
CK2 is able to enhance the mRNA decaying activity of TTP through phosphorylation of TTP because it is a protein kinase that phosphorylates a variety of proteins and regulates their activity (23) (24) (25) (26) (27) (28) . Scanning the amino-acid sequence of TTP revealed four potential CK2 phosphorylation sites. Thus, it is possible that CK2 regulates TTP through phosphorylation of these CK2 sites. However, mutation of serines to alanines within the CK2 phosphorylation sites of the TTP protein did not change the effect of CK2 on the VEGF mRNA decaying activity, phosphorylation or degradation of TTP. In addition, CK2 inhibitor increased the phosphorylation of mutant TTP proteins.
Although we cannot exclude that there are other CK2 sites within TTP that can be phosphorylated by CK2, our data suggest that TTP is not the direct target of CK2.
Our data showed that CK2 can also affect the phosphorylation of p38 MAPK and MK2. Inhibition of CK2 by CK2 inhibitor increased the phosphorylation of p38 MAPK and MK2. p38 MAPK is a well-known kinase that is involved in TTP phosphorylation and inhibition of mRNA decaying activity of TTP (16) (17) (18) . Thus, we hypothesized that CK2 influences the mRNA decaying activity of TTP through the control of p38 MAPK phosphorylation. Consistent with this hypothesis, the p38 MAPK inhibitor SB203580 attenuated the decrease of mRNA decaying activity of TTP induced by CK2 inhibitor. However, since CK2 inhibitor increased the phosphorylation of p38 MAPK, p38 MAPK does not seem to be a direct target of CK2. The phosphorylation and the activity of p38 MAPK are controlled by a balance between activities of upstream activators, kinases, (57) and negative regulators, protein phosphatases (58) . Previously it was reported that protein phosphotase 2a (PP2A) regulates phosphorylation of p38 MAPK and MK2 and, in turn, TTP phosphorylation (21). Here we provide evidence that CK2 affects the phosphorylation of p38 MAPK via MAPK phosphatase-1 (MKP-1), which was shown to dephosphorylate p38 MAPK (21) . Inhibition of CK2 decreased the expression level of MKP-1; overexpression of CK2α increased MKP-1 expression level; inhibition of MKP-1 by siRNA increased the phosphorylation of p38 MAPK. Inhibition of MKP-1 by MKP-1 inhibitor triptolide or siRNA attenuated the increase of mRNA decaying activity of TTP induced by CK2α overexpression. Collectively, these results suggest that CK2 enhances the mRNA decaying activity of TTP via MKP-1/p38 MAPK signal pathways.
We next sought to determine the factors responsible for the stimulation of CK2 activity and the increase of mRNA decaying activity of TTP. CK2 activity is modulated by various cytokines and hormones (59) (60) (61) . We found that TGF-β increases the expression level of TTP protein and enhances the VEGF mRNA decaying activity of TTP. A previous report suggested that TGF-β increases the expression level of TTP by enhancing TTP promoter activity (10) . However, in Colo320 cells, TGF-β did not affect TTP promoter activity, indicating that the TGF-β-induced increase in the TTP protein and the mRNA decaying activity of TTP were not due to the increase in the TTP promoter activity. Instead, we found that TGF-β enhanced the mRNA decaying activity of TTP through activation of CK2. TGF-β increased CK2 activity, and inhibition of CK2 by inhibitor DRB or siRNA abrogated the increase of mRNA decaying activity of TTP induced by TGF-β.
TGF-β is considered the most potent and widespread inhibitor of cell growth known in mammals (62) . On the other hand, in contrast, TGF-β can also act as a tumor promoter in a context-dependent manner (63) . Regarding angiogenesis, TGF-β was shown to promote VEGF synthesis and to exert angiogenic effects (64, 65) . However, several studies have also reported that TGF-β has antiangiogenic properties (66) (67) (68) (69) . In our study, TGF-β inhibited VEGF synthesis and cell growth, indicating that TGF-β acts as a tumor suppressor in Colo320 cells. The inhibitory effect of TGF-β was abrogated by siRNA against TTP or CK2, suggesting that it was mediated by CK2/TTP pathways. The mechanisms responsible for the in vitro biphasic effect of TGF-β are not known. Recently, it was suggested that changes in the expression pattern of specific genes are responsible for the switch of TGF-β from tumor suppressor to tumor promoter (63, 70, 71) . In this regard, Disabled homolog 2 (DAB2) is a good candidate gene responsible for this change. DAB2 is a multifunctional adapter protein, which is involved in TGF-β-mediated Smad activation (72) and acts as a negative regulator of multiple signaling pathways, including the ERK/MAPK (73), Src (74) , and Wnt pathways (75) . Hannigan et al (70) found that downregulation of DAB2 switches TGF-β from a tumor suppressor to a tumor promoter both in vitro and in vivo. We found that Colo320 cells express DAB2, and the expression level is slightly increased by TGF-β treatment (Supplementary Fig. 9 ). Even though we did not analyze the effect of DAB2 expression on TGF-β functions, it is possible that DAB2 is one of the factors responsible for the inhibitory function of TGF-β in Colo320 cells.
Previously it was reported that p38 MAPK pathway is required for TGF-β-stimulated VEGF synthesis (76, 77) . Activation of p38 MAPK increases VEGF mRNA stabilization (78) . This action is presumably mediated through an AUrich region of the 3'-untranslated region (UTR) of VEGF mRNA. TTP is known to be a direct target for p38 MAPK, and phosphorylation of TTP by p38 MAPK suppresses mRNA decaying activity of TTP (7, (15) (16) (17) (18) (19) . Thus, it is conceivable that if TGF-β signal activates p38 MAPK pathways, it can suppress the VEGF mRNA decaying activity of TTP and promote VEGF synthesis. However, in cells that express DAB2, such as Colo320 cells, TGF-β blocks the p38 MAPK pathways via a DAB2 adaptor molecule and, instead, activates CK2 leading to an increase in the VEGF mRNA decaying activity of TTP via the MPK-1 pathway. Further studies are needed to address whether expression of DAB2 changes the effect of TGF-β on the VEGF mRNA decaying activity of TTP and the cell growth in Colo320 cells.
In this study, we have shown that CK2 suppresses phosphorylation of TTP through MKP-1-dependent inactivation of the p38 MAPK pathway and that these events increase the stability and the VEGF mRNA decaying activity of TTP. In contrast to our results, several studies have reported that phosphorylation of TTP by p38 MAPK protects the TTP protein from proteasomal degradation (17, 20) . Ubiquitination targets the proteins for degradation by the proteasome (79), and our results indicate that CK2 influences the ubiquitination of TTP proteins. Thus, further studies to understand how CK2 controls ubiquitination of TTP protein may provide important information to explain this discrepancy. Our results also demonstrate that TGF-β suppresses VEGF synthesis and cell growth through activation of the CK2/MKP-1/TTP pathway. TGF-β and CK2 have been known to promote malignant progression and metastasis and have been considered as attractive pharmacological targets (80, 81) . However, from our results, it appears that TGF-β and CK2 can negatively regulate cell proliferation. Thus before the clinical use of inhibitors of TGF-β or CK2 is tried, further studies are required to unravel the mechanisms involved in the regulation of their functions in cell growth and to develop biomarkers predictive of cellular responses to them. Collectively, our results offer evidence of a role for the TGF-β/CK2/MKP-1 pathway in the regulation of the mRNA decaying activity of TTP. by guest on July 16, 2017 
